Beyond conventional electrically-driven neuronal stimulation methods, there is a growing interest in optically-driven approaches. In recent years, nitrogen-doped ultrananocrystalline diamond (N-UNCD) has emerged as a strong material candidate for use in electrically-driven stimulation electrodes. This work investigates the electrochemical activity of N-UNCD in response to pulsed illumination, to assess its potential for use as an optically-driven stimulation electrode. Whilst N-UNCD in the as-grown state exhibits a weak photoresponse, the oxygen plasma treated film exhibits two orders of magnitude enhancement in its sub-bandgap open circuit photovoltage response. The enhancement is attributed to the formation of a dense network of oxygen-terminated diamond nanocrystals at the N-UNCD surface. Electrically connected to the N-UNCD bulk via sub-surface graphitic grain boundaries, these diamond nanocrystals introduce a semiconducting barrier between the sub-surface graphitic semimetal and the electrolyte solution, leading to a photovoltage under irradiation with wavelengths of k ¼ 450 nm and shorter. Within the safe optical exposure limit of 2 mW mm Direct optical stimulation of neurons, mediated via semiconducting photoabsorbers, is an emerging field with a number of potential applications in biomedical devices. 1 Traditionally, electrical stimuli delivered through electrically-driven extracellular or intercellular electrodes have been used to stimulate neurons. This differs from the optically-driven methods where the generation of a photocarrier in semiconducting photoabsorbers produces an electrical impulse for the stimulation of cells. Here, the semiconducting material plays the role of both a photoabsorber and an electrode. This method should also be distinguished from indirect optical stimulation approaches based on photodiodes connected to metallic electrodes. 2 One of the challenges encountered when using semiconducting materials for direct optical stimulation is their toxicity and long-term instability in the tissue. 1 From this perspective, diamond-based materials have shown remarkable properties, making them well suited for biological and medical applications. 3, 4 Ordinarily, a wide bandgap of single crystal diamond (5.5 eV, corresponding to the 225 nm limit for light absorption) inhibits photoresponses at wavelengths that are within the optical therapeutic window with wavelengths ranging from 320 to 800 nm. 5 Below this range, the interaction of light with tissue results in phototoxic reactions. Therefore, it is important to introduce a suitable mechanism for a subbandgap photosensitivity to the diamond for our proposed application. Use of either a diamond/graphite mixed phase material 6 or surface transfer doping 7 are two possible methods for achieving the target sub-bandgap photoresponse.
Surface transfer doping achieved by hydrogen-termination of a diamond surface 8 results in the sub-bandgap photoresponse in the form of injection of solvated electron into the aqueous electrolyte solution, 7 due to the negative electron affinity of the hydrogen-terminated diamond. 10 Although the sub-bandgap photoresponse itself is desirable, solvated electron injection into the solution is detrimental from the cellular stimulation perspective, as it compromises the long-term stability of the electrode and also leads to tissue damage. 9 Diamond with positive electron affinity can be achieved through oxygen termination of the surface. 10 This process is known to hinder the injection of solvated electrons generated under illumination and also leads to higher electrochemical stability.
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In the absence of hydrogen-termination at the surface of the diamond, graphitic phases within the diamond microstructure play an important role in the sub-bandgap photoresponse. Owing to their mixed phase nature, nanocrystalline diamond based thin films exhibit a number of unique properties. The presence of a diamond phase in close proximity to a graphitic phase results in room temperature electrical conductivity and photoresponse at sub-bandgap wavelengths. 6 Earlier works suggest 13 that oxygen termination of the diamond surface allows retaining positive electron affinity and thereby suppressing electron transfers through the electrode-solution interface. This is circumstantially corroborated by sluggish kinetics of electrocatalytic reactions at the oxygen-terminated diamond compared to the as-grown, hydrogen terminated diamond. 12 In this work, we explore the potential for the use of oxygen-terminated, nitrogen-doped ultrananocrystalline diamond (N-UNCD) as an optically driven stimulation electrode. Although there have been a number of reports looking at the photoelectrochemical response of diamond 12, 13 and related materials, 14, 15 the role of surface termination has not been addressed in sufficient detail. Furthermore, most of these works have focused on the steady-state photoresponse and have not fully explored the effect of mixed phase materials such as N-UNCD. Here, we investigated the transient photoresponse of the N-UNCD on time scales relevant to the cellular stimulation using pulsed laser illumination within a frequency range of 100 Hz to 40 kHz, which translates to the 10 ms to 25 ls pulse period. These fast photoelectrochemical measurements facilitated spatial mapping of the laser induced photovoltage, as well as investigation of photovoltage dependencies on the illumination intensity and frequency at a timescale relevant to the cellular stimulation. Additional insights into the nature of the processes governing the N-UNCD photoresponse are obtained using slow photoelectrochemical measurements using 30 s broadband and monochromic light pulses. The role of surface termination is examined and discussed. The N-UNCD material selected in this work has been used previously as an electrode material in electrically driven prostheses. It is a biocompatible nontoxic material with excellent long term stability in the body. In earlier studies, we have used this material as an electrode to deliver electrical stimuli to neurons 16 and demonstrated that it can be integrated with conventional complementary metal oxide silicon (CMOS) circuits. 18 Using a laser micromachining system, the N-UNCD film was pixelated into electrically isolated electrodes with dimensions of 120 Â 120 lm (30 lm spacing À150 lm pitch) and into a 15 Â 15 lm single electrode. Following this, the sample was treated with 25%/75% oxygen/argon plasma at 50 W power and a pressure of 0.4 mbar for 36 h. Given the high etch rate of the graphitic phase relative to the diamond phase, the oxygen plasma treatment resulted in the removal of graphite on the surface of the N-UNCD which is exposed to the plasma, as well as oxygen termination of the exposed diamond grains. 19 The extended plasma treatment may also have resulted in minimal etching of diamond grains at the N-UNCD surface. Nevertheless, the highly preferential etching ensures a N-UNCD surface with a self-terminating layer rich in oxygen-terminated nanodiamond grains, connected via subsurface graphitic grain boundaries to the bulk N-UNCD film. Fast photoelectrochemical measurements, including surface mapping, were performed in a custom-made setup housed in a dark and electrically shielded probe station on a floating air table. A 405 nm wavelength 50 mW laser (Coherent) was used as a light source; however, the intensity of light at the electrode surface was within the 50 lW-1mW range as measured using an optical power meter (Newport, Inc.). The laser beam was collimated onto the sample through a computer-controlled mirror and beam-splitter and was focused down using a lens to a spot of approximately 20 lm in diameter. The computer-controlled mirror adjusted the angle of the beam to allow a scan area of 0.5 Â 0.5 mm. The laser beam intensity was modulated using a sinusoid signal provided by a SR830 lock-in-amplifier (Stanford research systems). Slow photoelectrochemical measurements were undertaken in a conventional three-electrode photoelectrochemical cell connected to a Bio-Logic VSP Modular potentiostat. A 150 W xenon arc lamp equipped with an Oriel solar simulator and an AM 1.5 G filter was used as a light source. Neutral density filters were used to adjust the light intensity, while band pass filters with an average band-width of 10 nm were employed for measurements at defined wavelengths. AgjAgCljKCl(sat.) and Ti wire (separated from the working compartment by a glass frit) were immersed in the working electrolyte solution (aqueous 0.1 M NaCl) and used as reference and auxiliary electrodes, respectively. Fig. 1(b) shows the SEM image of the pixelated N-UNCD electrode array. Five of these electrodes, indicated with the red boundary line, were short-circuited from the backside to each other and connected for measurement. Fig.  1(c) shows the spatial map of OCPV across an area covering these electrodes. The OCPV represents the shift in opencircuit potential (OCP) of the N-UNCD electrode in response to a pulsed illumination, measured with respect to a platinum quasi-reference electrode. The measurement was performed using an optical modulation frequency of 20 kHz and at an intensity of 620 lW at the electrolyte surface, corresponding to 1.97 W mm
À2
. A negative 68 phase shift observed here suggests a capacitive process. The unconnected electrodes surrounding the cluster of the electrodes do not exhibit any response, and neither does the exposed insulating polycrystalline diamond (PCD) between the active electrodes. Fig. 2(a) illustrates the dependence of the OCPV value, obtained using the smaller 15 Â 15 lm single electrode, on the illumination intensity and laser modulation frequency.
Typically, the open circuit voltage of an electrochemical cell follows a logarithmic dependence on the illumination intensity. 20 However, as shown in Fig. 2(a) , there is a linear increase in the OCP amplitude with the increase in the illumination intensity for the N-UNCD electrode (power law dependence of 0.98 6 0.13). Similar behaviour has been reported for other types of the state-of-the-art high-efficiency electrochemical cells at low illumination intensities (below 0.4 mW mm À2 ). 21 The linear dependence of the OCPV on light intensity suggests that the device characteristics are dominated by recombination at localised mid-gap defect states. 20 As highlighted in Fig. 2(a) , there is a reduction in the OCPV with an increase in frequency in the measurement range of 100 Hz to 40 kHz for all illumination intensities examined, which reflects the kinetics of the relevant photoinduced processes. Fig. 2(b) illustrates the charge injection density per illumination pulse as a function of illumination intensity and modulation frequency assessed by adopting a method used in earlier works. 22 Here, the photo-induced current density as a function of frequency and illumination intensity is calculated as a ratio of the corresponding OCPV amplitude (Fig. 2(a) ) and electrochemical impedance measured at the open-circuit potential (inset in Fig. 2(b) ). Further, assuming a square wave of the irradiation pulse, the current density is divided by the illumination frequency to obtain the charge injection density per illumination pulse presented in Fig. 2(b) .
To obtain further insights into the nature of the processes contributing to the detected OCPV, slow photoelectrochemical measurements were undertaken on the N-UNCD before and after plasma treatment. Under these conditions and using a 10 s light pulse with standard solar illumination spectrum at 1 mW mm À2 intensity, À13 mV OCPV was detected for the plasma treated N-UNCD, which is two orders of magnitude higher when compared to the OCPV for the as-grown N-UNCD (Fig. 3(a) ). Another difference to note in the behaviour of the plasma treated and as-grown electrode is the opposite polarity of the OCPVs, viz. negative and positive, respectively (Fig. 3(a) ). Fig. 3(b) illustrates that the spectral response of the OCPV for the plasma treated N-UNCD sample exhibits a sharp reduction at wavelengths beyond 450 nm. Subbandgap photoassisted electron emission into vacuum from both single crystal diamond and UNCD has been reported. 23 At the macro-scale, the underlying mechanism for the subbandgap response has been attributed to the graphitic phases in these materials which provides a finite density of electrons at the Fermi level of the diamond. 23 At the same time, the diamond surface dominates the effective work function of the material 23 with hydrogen and oxygen terminations leading to a negative and positive electron affinity, respectively. The observed photoresponse at wavelengths of !450 nm (hv > 2.76 eV) is consistent with the p ! p* transition with an energy level of 2.1-2.5 eV. 24 A nano-scale account of the photoresponse reported in this work can be provided based on a model proposed by Karabutov et al. 25 for graphite/nano-diamond/vacuum interfaces. Based on this, the N-UCND in contact with the electrolyte solution (Fig. 4(a) ) can be considered as the intersection of three phases: (i) diamond nanocrystals, (ii) thin graphitic grain boundaries, and (iii) solution (electrolyte). The surface of the oxygen treated N-UNCD is dominated by a graphite/diamond/solution interface, as illustrated in Fig. 4(b) . The oxygen-terminated N-UNCD film results in a positive electron affinity of 1.7 eV. 26 E N represents the substitutional nitrogen providing deep donor states centred at an energy level of ca 1.7 eV. 27 The graphitic layer can be considered as a semimetal with a Fermi level of approximately E b ¼ 4 eV with respect to the diamond's conduction band. 28 Illumination at hv > 2.76 eV provides the required energy for the electrons from the graphitic grain boundaries to excite into and occupy diamond's photoionised nitrogen centres with energy level of E b -E N ¼ 4 -1.7 ¼ 2.3 eV. The diamond/graphite schottky barrier 29 presented in Fig. 4 (b) generates a photovoltage which leads to accumulation/ orientation of charged-species in the electrolyte at the diamond/solution interface, which is subsequently observed as OCPV readout. Alternatively, it is possible for the E b to be shifted towards the conduction band 29 due to a combination of quantum confinement in the nano-scale diamond size 30 and surface induced field in the junction, 29 resulting in the accumulation of electrons in the conduction band of the nanodiamond in response to hv > 2.76 eV.
As shown in Fig. 3(a) , the OCPV is negative in the case of the oxygen/argon plasma treated N-UNCD, whereas it is positive for the N-UNCD in the as-grown state. Compared to the as-grown sample, oxygen plasma treatment results in two key changes: (a) the oxygen termination of the surface and (b) etching of the graphitic phases at the surface. Accumulation of the photoexcited electrons in the oxygenterminated nanodiamond capping layer grains results in a more negatively charged surface and, hence, produces negative OCPV. However, in the case of as-grown, hydrogen terminated N-UNCD, the negative electron affinity of the surface results in the injection of the generated photoexcited electrons into the solution. 7 This inhibits the accumulation of the charge in the N-UNCD surface, manifested in a two orders of magnitude reduction in the OCPV, as well as the possibility of a slightly positive value due to the surface chemical reactions. This is consistent with both the direction (positive) and magnitude of the OCPV (0.5 mV) reported for as-grown boron doped polycrystalline diamond. 31 The rate of the OCPV rise at the oxygen-terminated diamond electrodes is limited by two possible processes at different timescales: (1) initially, the rate of space-charge formation at the N-UNCD surface and, subsequently, (2) the rate of the surface-confined electrochemical processes. The formation of the space-charge regions in diamond at room temperature is typically on a timescale that is much shorter than the electrochemical processes. The OCPV measurement at laser modulation frequencies of 100 Hz-40 kHz (as shown in Figs. 2(a) and 2(b) ) is within the timescale required for the space-charge formation. This is also consistent with the observed negative 68 phase shift (i.e., capacitive) at these modulation frequencies.
The results shown in the inset to Fig. 3(a) , obtained using the slow electrochemical measurements, are on a timescale that can only be attributed to the surface-confined electrochemical processes at the plasma treated N-UNCD electrode. Here, an initial sharp rise in the OCPV over the initial few seconds with a power law dependence of 1.9 is followed by a slower increase over the next ca 10 s with a power law dependence of 0.3. Oxygen-rich surface functionalities, such as carboxylic acid or hydroxyl, found on oxygen terminated diamond undergo an initial ionisation process when in contact with the electrolyte solution. 32 Once an equilibrium state is reached, further photo-induced reduction in these surface functionalities is possible. This can be driven either by the change in the diamond's surface potential relative to the electrolyte due to the space-charge formation or by further ionisation of the surface oxygen functionalities, where oxygen induced surface states 33 with a matching $2.4 eV (Ref. 34 ) may have a role. Although the precise mechanism giving rise to the observed slow OCPV response is unclear, light induced change in the surface potential can slowly reduce the oxygen-rich functionalities on the plasma treated diamond surface. Upon ceasing the irradiation, the OCPV slowly relaxes to the close-to-initial state (over several minutes), reflecting the reversibility of the relevant photo-induced processes.
The charge density in Fig. 2(b) can be used to assess the viability of the plasma treated N-UNCD for cellular stimulation. By using the approach explained above, the photoinduced charge density for 100 Hz laser stimulation (i.e., 10 ms pulse period) is 0.004-0.051 mC cm À2 for the laser power of 50-1000 lW, respectively. The safe exposure limit of human tissue to light with wavelengths of 400-700 nm over extended periods of time is 2 mW mm À2 . 35 Based on this, a maximum average laser power of 1.25 lW can be used for the examined electrode geometry. Assuming a pulse duration of 1 ms per 500 ms (2 Hz pulse train 36, 37 with a duty cycle of 0.5%), this corresponds to a power limit of 625 lW at 1 kHz. As shown in Fig. 2 , this corresponds to a charge density of 0.01 mC cm
. The threshold for cellular stimulation, typically expressed as charge injection threshold, is strongly dependent on the type of cells being stimulated, placement of the stimulating electrode relative to the cell, and the stimulation parameters used. Table I provides an illustrative summary of the charge density required to perform stimulation in various cells. These data suggest that the 0.01 mC cm À2 charge density is within the threshold for some types of extracellular stimulation. Further enhancement in the photoresponse may be possible through reduction of the defect centres by process modification as well as optimising the frequency and duty cycle. Furthermore, the nanoscale nature of the effects observed here makes it possible to exploit this effect for intracellular stimulation. 38 The possibility of nanodiamond internalisation in living cells 39 might eventually lead to the placement of the optically controlled intracellular stimulation. Although the role of vesicles is unclear, charge densities as low as 0.001 mC cm À2 are required 38 for intracellular stimulation.
In summary, this work reports transient photoresponses of N-UNCD in saline electrolyte solution within the tissues therapeutical optical window. The weak positive OCPV of the hydrogen-terminated, as-grown N-UNCD is attributed to its negative electron affinity, resulting in a thermodynamically favourable solvated electron injection into the electrolyte. Conversely, the oxygen plasma treated N-UNCD exhibits two orders of magnitude enhancement in its OCPV as well as a reversal of the voltage polarity. This enhancement is attributed to the formation of a dense network of oxygen-terminated diamond nanocrystals on the N-UNCD surface, which acts as a charge accumulation layer. The positive electron affinity of the oxygenated diamond surface makes the injection of solvated electrons into the solution less favourable.
Electrochemical processes strongly dominate the rate of the OCPV change in response to illumination pulses, resulting in a significant pulse duration dependence of the OCPV magnitude. As evident from the slow transient measurements, performance of the material is likely to be improved with further understanding of the trapping mechanisms and subsequent material fabrication optimisation processes, opening the door to more extracellular stimulation applications. Also, further investigation in the chemical stability and biocompatibility of photo-illuminated oxygen terminated diamond is needed to establish the lifetime of these electrodes in biological environments. Nevertheless, as demonstrated in this work, within the safe exposure limit using 1 ms illumination, the accumulated charge density is sufficient for some extracellular and intercellular stimulation regimes. Importantly, the nanoscale nature of processes present here along with the diamond's biocompatibility and biostability open an avenue for the use of oxygen treated N-UNCD, as well as other nano-scaled diamond electrodes for optically driven stimulation. 
